The Pax6 genes of both vertebrates and invertebrates are expressed in the developing eye and in the central nervous system. These genes encode transcription factors with two DNA-binding domains, an N-terminal paired domain and a homeodomain separated by a flexible linker region. Ectopic eye structures are obtained upon targeted expression of Drosophila, squid, ascidian or mouse Pax6 genes in various imaginal disc primordia of Drosophila. We have previously cloned a Pax6 cDNA from zebrafish. Here we report the cloning of a novel Pax6 homolog from zebrafish denoted Pax6.2. The coding sequences of the two genes show 82% identity whereas the deduced amino acid sequences are 95% identical with complete conservation of the paired-and homeodomains. The embryonic expression patterns of Pax6.1 and Pax6.2 reveal both overlapping and discrete expression domains suggesting a division of labor between these two very similar gene products during development of brain and eye structures. Both Pax6.1 and Pax6.2 can act as transcriptional activators with Pax6.2 being more efficient than Pax6.1. Both Pax6.1 and Pax6.2 are able to induce ectopic eyes in Drosophila, while Pax2 is not, suggesting that eye induction is not a general feature of Pax family genes but a distinct characteristic of Pax6 and its direct homologs. Attempts to detect Pax6. 2 homologs in chick, mice or humans proved unsuccessful suggesting that this gene either was lost during evolution of higher vertebrates or, more likely, arose as part of a larger scale duplication of chromosome segments occurring in the zebrafish lineage.
Introduction
The paired box was initially discovered in Drosophila as encoding a conserved 125-128 amino acid paired domain in a family of developmental control genes that presently includes eight members in this species Fu and Noll, 1997; Noll, 1993; Quiring et al., 1994) . Nine human paired box-containing Pax genes (PAX1-PAX9) and their murine homologs have been described (Strachan and Read, 1994) . The paired domain is a bipartite DNA-binding domain containing an N-and a C-terminal subdomain each with a helix-turn-helix motif (Czerny et al., 1993; Xu et al., 1995) . Some Pax proteins, like Pax6, also contain a second DNA-binding domain, the paired-type homeodomain, separated from the N-terminally located paired domain by a flexible, acidic linker region (Krauss et al., 1991a; Wilson et al., 1995) . A C-terminal transactivation domain succeeds the paired-type homeodomain of Pax6 Carriere et al., 1995; Czerny and Busslinger, 1995; Tang et al., 1998) . Pax6 was initially cloned from human , mouse (Walther and Gruss, 1991) , zebrafish (Krauss et al., 1991b) and quail (Martin et al., 1992) . Subsequently, the Drosophila eyeless gene was shown to be a Pax6 homolog (Quiring et al., 1994) and Pax6 homologs have now been described in other invertebrates such as flatworm, ribbon-worm, C. elegans, squid, sea urchin and ascidian (reviewed in . In higher vertebrates Pax6 is expressed in the developing eye, nose, pancreas and the central nervous system (CNS) (Krauss et al., 1991a; Krauss et al., 1991b; Turque et al., 1994; Walther and Gruss, 1991) . Pax6 exerts crucial functions during development of these organs Quinn et al., 1996; St-Onge et al., 1997) . The expression in eye structures and CNS is also found in invertebrates such as Drosophila and squid (Quiring et al., 1994; Tomarev et al., 1997) . During development of vertebrate eyes Pax6 seems directly involved in the formation of the lens, retina and cornea while it is not needed for the initial formation of the optic ridge and vesicle (Hogan et al., 1988; Quinn et al., 1996) . The critical role played by Pax6 in eye development is underscored by the Mendelian syndromes aniridia, Peter's anomaly and congenital cataracts in man Hanson and Van Heyningen, 1995) and Small eye (Sey) in rodents (Hill et al., 1991; Matsuo et al., 1993) which result from loss of one functional allele resulting in haploinsufficiency. Loss of both alleles leads to absence of eye structures, nasal cavities and severe abnormalities in brain development causing postnatal lethality (Hogan et al., 1986; Glaser et al., 1994) . The Pax6 dosage sensitivity with regard to proper development of the eyes is also displayed upon overexpression of the gene in transgenic mice (Schedl et al., 1996) . In addition, the identification of eyeless as a Pax6 homolog in Drosophila (Quiring et al., 1994) , and the startling demonstration that ectopic expression of eyeless or mouse Pax6 in different imaginal discs of Drosophila induced supernumerary eye structures on the wings, legs or antennae of the flies (Halder et al., 1995a) strengthened the notion of Pax6 as a master control gene for eye development acting high up in the regulatory hierarchy (Halder et al., 1995b) . Accordingly, Gehring and coworkers have gone on to show that also ribbonworm (Loosli et al., 1996) , squid (Tomarev et al., 1997) and ascidian (Glardon et al., 1997) Pax6 homologs share this ability of ectopic eye induction in Drosophila This functional conservation is also reflected in a very strong sequence conservation with 94% and 90% sequence identity, respectively, between the paired-and homeodomains of Eyeless and the vertebrate proteins (Quiring et al., 1994) . Whereas vertebrate Pax6 proteins are more than 96% identical throughout their entire lengths, the linker region and the C-terminal transactivation domain is not conserved between vertebrates and Drosophila Eyeless or the ascidian Pax6 protein. However, this does not exclude the possibility that the transactivation domains may have conserved their biochemical function.
Here, we report that zebrafish contains a second Pax6 homolog, which we have denoted Pax6.2. The two genes are expressed in both distinct and overlapping areas during development of the eyes and CNS. The Pax6.2 protein shows a somewhat stronger transactivating capability than Pax6.1 and both genes are able to induce ectopic eye structures in Drosophila. Interestingly this property is not shared by Pax2 which contains a paired domain and a C-terminal transactivation domain but lacks a functional paired-type homeodomain.
Results

Isolation of zebrafish Pax6.2 cDNA
A cDNA clone harboring the entire coding region of Pax6.2 was isolated by low stringency screening of a zebrafish embryonic cDNA library. Fig. 1A Fig. 1A and Krauss et al., 1991a) . The coding sequences of Pax6.2 and Pax6.1 are, however only 82% identical at the nucleotide level. Of the 20 amino acid substitutions found, between Pax6.2 and Pax6.1, 15 represent changes to chemically similar amino acids (98.8% sequence similarity). The amino acid sequences of both the paired domain and the paired-type homeodomain of Pax6.2 are completely identical to Pax6.1 while three substitutions are found in the N terminus upstream of the paired domain, four in the linker region between the two DNA binding domains and 13 in the C-terminal transactivating domain. The strong conservation of amino acid sequence between Pax6.1 and Pax6.2, with 52% of the codons being identical and 43% containing silent substitutions, contrasts with the fact that the 5′-UTR and the 3′-UTR nucleotide sequences of Pax6.2 show no significant homology at all to the corresponding sequences of Pax6.1. Taken together, this suggests that a powerful selection for conservation of function has occurred. The first AUG triplet, preceded by an in-frame stop codon, is one out of three putative start codons in the coding region upstream of the paired domain. This first start codon is located at an equivalent distance upstream from the paired box compared to zebrafish Pax6.1 suggesting that the AUG at position 261 represents the initiation codon. This assumption is strengthened by the fact that the 18 amino acid N-terminal extension preceding the second methionine is 83% identical (15 of 18 residues) between Pax6.2 and Pax6.1. No consensus polyadenylation signal in the 3′ untranslated region (3′-UTR) upstream of the poly(A 17 ) tail of the Pax6.2 clone is seen. Absence of this signal could be due to priming of oligo-(dT) to an internal poly(A) sequence in the Pax6.2 transcript during synthesis of the cDNA library.
PCR on zebrafish genomic DNA combined with direct sequencing enabled us to determine the genomic structure of the paired domain coding regions of both the Pax6.1 and the Pax6.2 genes (Fig. 1B) . The intron sequences of the two genes are of different lengths and display no homology in the regions sequenced. The positions of the intron-exon boundaries are conserved and located at the same positions as in the quail, murine and human Pax6 genes (Fig. 1A) .
Pax6 genes from vertebrate species contain an alternative 42 bp exon 5a encoding a 14 amino acid sequence (Epstein et al., 1994) which is missing in the invertebrate Pax6 genes analyzed (Tomarev et al., 1997) . Inclusion of exon 5a disrupts the DNA binding ability of the N-terminal subdomain of the paired domain and unmasks the DNA-binding potential of the C-terminal subdomain giving a protein recognizing a different set of binding sites (Epstein et al., 1994; Kozmik et al., 1997) . The zebrafish Pax6.2 gene also contains this exon flanked by consensus splice acceptor and splice donor sequences. This exon encodes only 13 amino acids in contrast to the 14 found for all vertebrate Pax6 genes studied and contains two non-conservative amino acid substitutions relative to Pax6.1 (Fig. 1B) . Taken together, these data show that the two gene products are encoded by different genes that arose by duplication of an ancestral gene. Since two rounds of partial or complete genome duplications are thought to have occurred early in vertebrate evolution before the appearance of jawed fish (Sidow, 1996) it was of interest to determine whether there is a Pax6.2 gene in higher vertebrates. However, despite numerous attempts using different primer sets, located both in the paired domain coding sequence and in the C-terminal transactivating coding sequences we were unable to detect a Pax6.2 gene in humans or mice. Southern blot analyses at reduced stringency also failed to detect chick murine or human sequences hybridizing to zebrafish Pax6.2 (data not shown).
Embryonic expression pattern of Pax6.2
We first detect Pax6.2 transcripts in the anterior neural shield at the end of gastrulation ( Fig. 2A,C) . Transcripts are initiated in a semicircular area with a posterior boundary parallel to the Pax2-expressing stripes at the presumptive midbrain-hindbrain junction and an area devoid of Pax6.2 expression in its medial center surrounding the area of the floor plate system ( Fig. 2A) . A frontal view of the Pax6.2 staining in 10 h embryos shows the ventral inhibition of Pax6. 2 expression by the floor plate system (Fig. 2L ). The same ventral inhibition can be seen for the Pax6.2 expression pattern in the spinal cord in embryos analyzed with both Pax6.2 and Shh probes ( Fig. 2O,P ). In the next hour of development the area of Pax6.2 expression in the forebrain will migrate to the midline following the general movements of converted extension . During this process two anterior stripes of Pax6.2 expression segregate from the anterior margin of the prosencephalic Pax6.2 expressing area ( Fig. 2B ,E) and move laterally ( Fig. 2F ) to form the lens placode (Fig. 2G ). This shows that the tissue that contributes to the lens placode and the prosencephalic eye field, as defined by Pax6.2 gene expression, form an ectodermal continuum before both areas are separated to form the eye and the lens placode. It has to be postulated that the most anterior Pax6.2 expression area receives a specialized signal, presumably emanating from the anterior neural ridge that induces the anterior margin of Pax6.2 expressing cells to enter a placodial pathway. The segregation movement of the Pax6.2 expressing areas is taking place prior to the initiation of eye evagination.
An optical cross-section at 16 h shows strong Pax6.2 expression in the placodial tissue overlying the optic vesicle (Fig. 2M ). While Pax6.1 transcripts are found in the median portion of the eye vesicle at 14-16 h of development (Krauss et al., 1991a) , initial Pax6.2 expression in the eye is confined to lateral portions of the optic vesicle and to the lens placodes (Fig. 2M) . At 24 h, however, the complete zebrafish optic vesicle expresses both Pax6.2 (Fig. 2I) and Pax6.1 (Krauss et al., 1991a) . In the diencephalon, the initiation of Pax6.2 expression coincides roughly with the early Pax6.1 expression. Differences between the expression of the two genes in the diencephalon appear at 12-14 h and become more extensive at 16-24 h of development when the Pax6.1 expression covers most of the diencephalon and parts of the telencephalon (Krauss et al., 1991a) , whereas Pax6.2 is limited to a stripe of cells surrounding the zona limitans interthalamica and a small stripe of cells at the ventral boundary of the telencephalon (Fig. 2H,I ,N,K).
Pax6.2 is a more efficient transactivator than Pax6.1
The Pax6 C-terminal domain downstream of the homeodomain harbors a potent transactivating activity Carriere et al., 1995; Czerny and Busslinger, 1995; Tang et al., 1998) . Since Pax6.2 differs from Pax6.1 at 13 positions in this domain we were interested if these amino acid substitutions resulted in different transactivation abilities of the two proteins. To test this we cotransfected human HeLa cells with a luciferase reporter vector and expression vectors for Pax6.1 or Pax6.2. The reporter vector contained a single CD19-2(A-ins) paired domain binding site, which the Pax6 paired domain is known to bind to (Czerny and Busslinger, 1995; Nornes et al., 1996) , upstream of the herpes simplex virus thymidine kinase promoter. As seen from Fig. 3A Pax6.2 transactivated the luciferase reporter gene somewhat more efficiently (1.3-fold) than Pax6.1. To assay the two proteins on a more sensitive reporter we used a luciferase reporter containing six consensus Pax6 paired domain binding sites (Epstein et al., 1994 ) (see Section 4) upstream of the adenovirus E1b minimal promoter. Pax6.1 gave a maximal activation of 20-fold while Pax6.2 induced the minimal promoter 32-fold (1.6-fold increase) further suggesting that Pax6.2 is a more efficient transactivator than Pax6.1 (Fig. 3B ). Both proteins were expressed at similar levels, with even a slightly lower expression level of Pax6.2 than Pax6.1, as revealed by Western blot of extracts from transfected cells (Fig. 3D) . As can be seen from Fig. 3D , it seems to be a low level of endogenous Pax6 in HeLa cells (Tang et al., 1998) . Any contribution by the putative endogenous activity was corrected for by normalizing all results to the values obtained in experiments where the reporter vectors were cotransfected with empty expression vector. To further confirm the transactivating activity of Pax6.2, and its location to the C-terminal domain downstream of the homeodomain, we fused this domain and two deletions of it to the DNA binding domain (DBD) of yeast GAL4 and carried out cotransfection assays using a luciferase reporter containing 5 GAL4 binding sites upstream of the TATA box from the promoter of the adenovirus E1b gene (Seth et al., 1992) . The results shown in Fig. 3C reveal a potent transactivation function which is compromised to different degrees by truncation from the N-(amino acids 365-437) or C-terminal (amino acids 285-364) ends of this domain. Removal of the C-terminal 72 amino acids completely abolished transactivation whereas the N-terminal deletion still retained 30% of the activity compared to the complete transactivation domain. Western blot analysis with an antibody directed against GAL4 DBD verified that proteins of the expected sizes were expressed (Fig. 3E) .
Pax6.1 and Pax6.2, but not Pax2, induce ectopic eye structures in Drosophila
To perform an in vivo functional comparison between zebrafish Pax6.2 and Pax6.1 we tested whether both genes could induce ectopic eyes in Drosophila (Halder et al., 1995a) using the GAL4 system developed by Brand and Perrimon (1993) to target the expression to imaginal discs giving rise to wings or legs. The Drosophila eyeless gene (Halder et al., 1995a ) was used as a positive control. Furthermore, we also included zebrafish Pax2 (Krauss et al., 1991c) in these experiments. Both Pax6.1 and Pax6.2 induced ectopic eyes on the wings, legs and haltere of the flies (Fig. 4) . In our study, Pax6.1 and Pax6.2 induced ectopic eye structures with similar efficiency as eyeless (30-40% of the examined flies that hatched displayed ectopic eyes). All ectopic eyes were normally pigmented. Interommatidial bristles were present but the shapes of the ommatidia varied with most deviating from the normally precise hexagonal shape. Interestingly, Pax2, which encodes a protein that contains a paired domain but lacks a functional homeodomain, did not induce any ectopic eyes. This suggests that eye induction in this assay system may be specific to the Pax6 subclass of Pax family transcription factors. All the transgenic flies, including the Pax2 flies, developed slower than normal flies and all had truncated legs and wings.
Discussion
In a previous report we have described the spatial and temporal expression of pax[zf-a] now renamed Pax6.1, in the developing forebrain, eye, nasal placode, hindbrain and spinal cord of zebrafish embryos (Krauss et al., 1991a) . Here, we report on a further zebrafish Pax gene Pax6.2, that has complementary and overlapping areas of expression in the developing eye. Interestingly, the summarized expression of zebrafish Pax6.1 and Pax6.2 account for the tissue in which chick, quail and murine Pax6 genes are expressed (Walther and Gruss, 1991; Martin et al., 1992; Li et al., 1994) . This may suggest that our failure to detect Pax6.2 in chick, mouse and man may simply be due to the fact that they contain only a single gene, Pax6, performing the combined functions of the zebrafish Pax6.1 and Pax6.2 genes. Interestingly, Drosophila has recently been shown to contain two Pax6 homologs; eyeless (Halder et al., 1995a) and twin-of-eyeless (toy) . Toy acts upstream of eyeless in the control of eye development and the Toy protein is more similar to vertebrate Pax6 proteins than the Eyeless protein is. Both the toy and the eyeless genes were found in higher insects but only one homolog Fig. 4 . Ectopic expression of cDNAs for both zebrafish Pax6.1 and Pax6.2 in wing and leg imaginal discs of Drosophila leads to induction of ectopic eye structures. The GAL4 system developed by Brand and Perrimon was used (Brand and Perrimon, 1993) was detected in primitive insects indicating that a gene duplication occurred in the insect lineage (T. Czerny, G. Halder, P. Callaerts, U. Kloter, W. J. Gehring and M. Busslinger, pers. commun.). Two rounds of genome duplications, either partial or complete, have been postulated during evolution of the vertebrates preceding the appearance of jawed fish (Sidow, 1996) . Thereafter, perhaps differential loss of gene copies occurred (Holland, 1997) explaining why zebrafish contains two Pax6 genes compared to only one in mice. The Pax6.2 protein sequence contains 12 amino acid substitutions at positions which are conserved in all known vertebrate Pax6 proteins, including zebrafish Pax6.1 (Fig. 1A) . This suggests that the Pax6.2 gene is the result of an ancient gene duplication that predates the radiation of higher vertebrates but that this gene was subsequently lost during the evolution of higher vertebrates. Alternatively this gene duplication may be part of a larger scale duplication of chromosome segments in the zebrafish genome that occurred after this line of jawed fish diverged (Postlethwait et al., 1998) . The latter possibility is also supported by the fact that the coding sequences of the two zebrafish Pax6 genes are equally divergent from the corresponding human (22.9% and 22.0%, respectively) and mouse genes (23.0% and 23.2%, respectively).
Our finding that the Pax6.2 protein displayed about 60% stronger transactivation potential in transient transfection experiments than Pax6.1 may be significant in view of the extreme dosage sensitivity observed for Pax6 (Schedl et al., 1996 and references therein). It is possible that Pax6.2 may be employed when and where a more efficient induction of target genes are needed than normally achieved by Pax6.1 expression. However, the substitutions in the transactivating domain of Pax6.2 creating a more efficient transactivator may also simply be compensating for a lower expression level of Pax6.2 relative to Pax6.1.
The fact that the Pax6.2 gene has retained the alternatively spliced exon 5a in the paired domain coding region, despite a complete lack of sequence homology between the two Pax6 genes in the flanking introns, suggests that there has been a strong selective pressure to preserve this exon. This further emphasizes the functional importance of this splice variant encoding a protein interacting with different DNA binding sites (5aCON-like sequences) than the Pax6 protein encoded by the major splice variant which lacks this insertion in the paired domain (Epstein et al., 1994; Kozmik et al., 1997) . A clue to the functional importance of the exon 5a splice variant is the recent finding that mutation of a 5aCON-like sequence interferes with the lens-specific activity of the mouse gF-crystallin enhancer (Kozmik et al., 1997) .
Very recently, the zebrafish was found to contain an additional Pax2 gene, denoted Pax2.2. Similar to our findings with the Pax6 genes, the two Pax2 genes differ almost completely in their 5′ and 3′ non-coding sequences, the coding sequences are 80% identical while the derived amino acid sequences are 93% identical (Pfeffer et al., 1998 (Pfeffer et al., 1998) .
Based on the differences in expression patterns the zebrafish Pax6 genes cannot be completely functionally redundant. Unfortunately, we are unaware of the existence of mutants for these two genes. A clear prediction would be that a Pax6.1 null mutant would be most dramatic and affect more tissues than the Pax6.2 mutant while perhaps the Pax6.2 mutant would give the most serious impairment of eye development.
Initial morphological studies of Small eye (Sey) mutants demonstrated that Pax6 cannot be involved in establishing the eye field. In Sey mutants the optic sulcus and optic vesicle form but eye development arrests after outgrowth of the optic vesicle (Hogan et al., 1986; Quinn et al., 1996) . In contrast, the paired type homeobox gene Rax/Rx is expressed early in the presumptive eye field and a knock out of Rax/Rx leads to the abolishment of the formation of the optic sulcus while ectopic expression extends the eye field (Furukawa et al., 1997; Mathers et al., 1997) . Pax6 is both expressed later than Rax and is also expressed in forebrain tissue that does not directly contribute to the eye field (Walther and Gruss, 1991) . However, Pax6 function is required in the surface ectoderm for lens induction (Fujiwara et al., 1994) . Pax6 is also likely to be important in the neuroectoderm for retinal specification since Pax6 overexpression leads to loss of photoreceptors (Schedl et al., 1996) . A third gene giving an anophthalmic phenotype in homozygous knock out mice is the Lhx2 gene encoding a LIM homeobox gene (Porter et al., 1997) . Lhx2 is essential for progression of the optic vesicle to the optic cup stage but not for specification of the optic vesicle. Interestingly, Lhx2 and Pax6 seem both to be essential for eye development but appear to act independently in the development of the optic vesicle and cup However, Lhx2 function in the optic vesicle is necessary for either induction or maintenance of Pax6 expression in the presumotive lens ectoderm (Porter et al., 1997) .
A striking component of the Pax6.2 expression is the early delamination of a crescent like area of expression that will give rise to the lens placodes. A similar expression has been reported for chick Pax6 and is also seen in mice. As the crescent like expression is initiated prior to the formation of an optic vesicle, the induction of Pax6.2 expression in the lens placode must be independent of the optic vesicle but is likely to depend on signals emanating from the anterior neural ridge, i.e. FGF8. In amphibians, fish and chick lens development can occur in the absence of an optic vesicle or anterior neural plate (Saha et al., 1992; Li et al., 1994) . Also, chimeras between wild type and Sey rats show lens formation that is independent of Pax6 expression in the optic vesicle (Fujiwara et al., 1994) . Our data permit the assumption that Pax6.2 is involved in early establishment of lens competence in the head ectoderm of zebrafish embryos.
The ability of Pax6 to induce ectopic eyes in Drosophila suggests a common evolutionary origin of different eye structures with Pax6 as a master control gene for eye development and forces a reevaluation of the traditional view of independent evolutionary origins of eyes throughout the animal kingdom (Halder et al., 1995a; Halder et al., 1995b) . A possible reconciliation of the two views would suggest an essential role of Pax6 in the regulation of evolutionary conserved structural genes involved in photoreception such as those encoding opsins/rhodopsins. Both eyeless and vertebrate Pax6 is expressed in photoreceptor cells (Sheng et al., 1997) . And, recently, eyeless was shown to directly regulate the expression of the rhodopsin 1 gene in Drosophila via a palindromic paired-type homeodomain binding site which is conserved in the promoters of all Drosophila rhodopsin genes as well as in many opsin genes in vertebrates (Sheng et al., 1997) . In addition, Pax6 is directly involved in the lens-specific expression of crystallin genes both in mouse, guinea pig and chicken (reviewed in (Cvekl and Piatigorsky, 1996) . There is also evidence that Pax6 may be regulating other genes critically involved in eye formation such as sine oculis/Six1-3, eyes absent/Eyal-3 and dachshund (see i.e. Xu et al., 1997) . Interestingly, dachshund and eyes absent are the only genes apart from Pax6 that has been shown to be able to induce ectopic eyes in Drosophila. This occurs with much lower penetrance and gives smaller eyes than with eyeless/Pax6. Furthermore, both dachshund and eyes absent are required for ectopic eye formation induced by eyeless (Bonini et al., 1997; Shen and Mardon, 1997) . In Drosophila both sine oculis and eyes absent act downstream of eyeless. Three murine homologs of eyes absent have been cloned and two of them, Eya1 and Eya2, overlap with and depend on Pax6 in their expression in the lens and nasal placode . Eya2 can also functionally complement the fly eyes absent 2 mutant supporting the notion of a conserved regulatory hierarchy between as diverse species as flies and mammals (Bonini et al., 1997) . The recent findings that the eyes absent protein can bind to both the dachshund and the sine oculis proteins and that the combinations of sine oculis and eyes absent or dachshund and eyes absent acts synergistically to form ectopic eyes in Drosophila suggest that a linear pathway with eyeless/Pax6 at the top of a regulatory hierarchy is most likely an oversimplification (Pignoni et al., 1997, Shen and Mardon, 1997) . Rather, an interdependent gene network complicated by specific protein-protein interactions seems to be at work where depending on the assay system used, both linear and regulatory loop pathways can be derived (Desplan, 1997) .
In this work we included the Pax2 gene, which encodes a protein containing an N-terminal paired domain and a Cterminal transactivation domain but not a paired-type homeodomain, to test the specificity of the eye induction assay. In vertebrates Pax2 is expressed in the optic stalk and required for formation of glial cells in the optic nerve and guidance of retinal axons along the optic stalk as well as for closure of the optic fissure (Torres et al., 1996) . Recently, the sparkling gene was shown to be the Drosophila ortholog of Pax2 (Fu and Noll, 1997) . Our finding that zebrafish Pax2 is unable to induce ectopic eyes in Drosophila is consistent with the phenotype of Drosophila sparkling mutants that display rough eyes due to abnormal development of cone cells but no absence of eyes as in eyeless mutants (Fu and Noll, 1997) Given the fact that the Pax2/5/8 subfamily of Pax proteins show the most promiscuous DNA-binding activity towards paired domain binding sites (Czerny et al., 1993; Czerny and Busslinger, 1995; Nornes et al., 1996) , this could suggest that the presence of a paired-type homeodomain is necessary for eye induction. Since both leg and wing development was affected in the Pax2 flies it is possible that part of the program for eye development is induced but the lack of a homeodomain precludes activation of all target genes needed for ectopic eye development.
Experimental procedures
cDNA isolation and sequencing
A 9-16-h embryonic zebrafish cDNA library in gZAP-II was screened using low stringency hybridization and washing conditions (Sambrook et al., 1989 ) with a 400 bp probe derived from the zebrafish Pax9 paired box (Nornes et al., 1996) . This probe was obtained by PCR amplification of the Pax9a cDNA clone using the following primers: 5′-CGGGATCCTTAGCGGAGAATCCTACTAATTG-3′ (5′ primer) and 5′-GAATTCCATGGAGCCAGCCTTTGGG-GA-3′ (3′ primer). A 1733 bp cDNA clone was found to contain the entire coding region of a novel Pax gene which we have named Pax6.2.
PCR on genomic DNA
To analyze differences in genomic structures of the zebrafish Pax6.1 and Pax6.2 genes the paired box sequences of these two genes were amplified from adult zebrafish genomic DNA using a Takara LA PCR kit (Takara Shuzo). Four different primers, designed so that they would amplify both Pax6.1 and Pax6.2 paired domain sequences, as well as four additional gene-specific primers were employed for PCR and sequencing from exons 4 to 7 in the two Pax6 genes (see Fig. 1B PCR products were either sequenced directly using a cycle sequencing kit (Amersham) or subcloned first.
In situ hybridization on whole mount zebrafish embryos
In situ hybridizations were carried out essentially as described by Krauss et al. (1993) . Digoxygenin-labeled riboprobes were prepared from pBluescript plasmids harboring Pax6.2, Shh and Pax2 cDNAs. For Pax6.2 EcoRI was used for linearization while HindIII and BamHI were used to linearize plasmids containing Shh and Pax2 cDNAs, respectively. T7 RNA polymerase was used for in vitro transcription of all probes.
Transient transfection assays
Expression vectors for Pax6.1 and Pax6.2 were made by inserting the corresponding cDNAs into pCI-neo (Promega). Thus, pCI-Pax6.1 was made by inserting a 1800 bp XmnI/XbaI fragment from pcZK3 (Krauss et al., 1991a) into EcoRI(blunted)/XbaI sites of pCI-neo. Similarly, pCIPax6.2 was constructed by cloning the entire coding region of the Pax6.2 cDNA (1575 bp SspI-SacI fragment) into pCIneo. The luciferase reporter vector containing a single paired domain binding site (CD19-2(A-ins) (Kozmik et al., 1992) upstream of the thymidine kinase promoter was constructed by moving a HindIII-BglII fragment from pBLCAT2-CD19 (Nornes et al., 1996) into p0Luc (Argenton et al., 1996) . To construct a reporter plasmid with consensus Pax6 paired domain binding sites upstream a minimal promoter a BamHI-EcoRI(blunted) fragment from P6CON-CAT (Epstein et al., 1994) containing six binding sites was inserted into BamHI-XhoI(blunted) p0Luc giving pP6CON-LUC. GAL4-Pax6.2 fusions were made by cloning parts of the region encoding the C-terminal transactivation domain in frame with the DNA binding domain of yeast GAL4 (amino acids 1-147) in the pSG424 vector (Sadowski and Ptashne, 1989 (Seth et al., 1992) .
For transient transfection assays HeLa cells (ATCC CCL 2) were grown in Eagle's minimum essential medium supplemented with 10% fetal calf serum (Hyclone), non-essential amino acids (Life Technologies, Inc.), 2 mM lglutamine, penicillin (100 units/ml) and streptomycin (100 mg/ml). About 6 × 10 4 HeLa cells/well in six-well tissue culture dishes were transfected by the calcium phosphate coprecipitation procedure using 0.5 mg reporter plasmid and 0.1-1.0 mg expression vector. To normalize for transfection efficiency 0.1 mg of pCH110 which expresses pgalactosidase from a simian virus 40 promoter was included in each transfection. Extracts were prepared 24 h following transfection using a Dual-Light luciferase and b-galactosidase reporter gene assay system (Tropix) and analyzed in a Labsystems Luminoskan RT dual injection luminometer. Transfections were repeated with different DNA preparations.
Western blot analyses
Preparation of extracts from transfected HeLa cells and immunoblotting were performed as described previously (Bjørkøy et al., 1997) . To detect Pax6.1 and Pax6.2 a rabbit polyclonal antiserum (antiserum 11) raised against the paired domain of quail Pax6 (Carriere et al., 1993) was used. For detection of GAL4 fusion proteins a rabbit polyclonal antibody (Santa Cruz Bitotechnology, SC-577) recognizing the DNA binding domain of GAL4 was used. Both antisera were diluted 1:1000 before use.
Targeted expression of zebrafish Pax genes in Drosophila
Targeting expression of zebrafish Pax2, -6.1 and -6.2 to various imaginal discs using the GAL4 system was performed following the method of Brand and Perrimon (1993) . The respective cDNAs were inserted into pUAST (kindly supplied by A. Brand). An EcoRI-XhoI fragment, containing the entire Pax6.2 open reading frame, was purified from pBluescript-Pax6.2 and ligated into the EcoRIXhoI sites of pUAST. Pax6.1 was excised from pcZK3 (Krauss et al., 1991a) as a SalI-XbaI fragment, made blunt-ended at the SalI site using Klenow polymerase and subcloned into pUAST that had been cut with XhoI and XbaI and made blunt at the XhoI site. The Pax2 gene was subcloned as a PstI-SacII fragment from pcZF16 (Krauss et al., 1991c) into the XhoI site of pUAST. Both the PstI and SacII ends were made blunted using T4 DNA polymerase and the XhoI site of pUAST was blunted using Klenow polymerase.
Transgenic Drosophila lines were generated by injection of expression vectors at a concentration of 700 mg/ml into Drosophila embryos using standard procedures (Rubin and Spradling, 1982) . The dpp GAL4 enhancer detection line (a kind gift from W. Gehring) was crossed to UAS-Pax6.1, UAS-Pax6.2 and UAS-Pax2 stocks to generate transheterozygous flies expressing Pax6.1, Pax6.2 or Pax2 in those cells that express GAL4.
